
i!WALYTICAL AND EXPERIMENTAL STUDY OF ALTITUDE 

COMPENSATION OF A ROCKET BY SECONDARY INJECTION 

Distribution of t h i s  report is provided i n  the 
in te res t  of information exchange. Responsibility 
for the contents resides i n  the author or organi- 
zation tha t  prepared it. 

Prepared under Contract No. NAS 1-4102, Phase I1 by 
Research and Development Department 

Vickers Incorporated Division 
Sperry Rand Corporation 
Troy, Michigan 48084 

AVAILABLE TO GOVERNMENT AGENCIES AND CONTRACTORS ONLY 

LANGLEY RESEARCH CENTER 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



STUDY OF PROPORTIONAL SOLID PROPELLANT 

SECONDARY INJECTION THRUST VECTOR CONTROL 

UNDW SIMULATED ALTITUDE CONDITIONS 

JUNE 1966 

Distribution of this report is provided in the 
interest of information exchange. Responsibility 
for  the contents resides in the author or organi- 
zation that prepared it . 

Prepared under Contract No. NAS 1-4102, Phase I by 
Research and Development Department 

Vickers  Incorporated Division 
Sperry Rand Corporation 
Troy, Michigan 48084 

AVAILABLE TO GO- AGENCIES AND CONTRACTORS ONLY 

LANGLM RFSEARCH CENTER 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



The object of this study was to obtain a better insight into 

the mixing effects associated with supersonic injection into 

a supersonic main stream and also explore the feasibility of 

altitude cozpmation and th-mst mgmatatiorr of an altitude 

rocket motor. 

contracts NAS 1-2962 and Phase 1 of NAS 1-4102 which investigated 

TVC by gaseous secondary injection of 2000 F gas under sea-level 

and altitude conditions. 

This program was instigated as an off shoot of 

0 

For this study a secondary gas flow was injected into the 37.5:l 

area ratio nozzle of a sub-scale rocket motor. 

and secondary gases were at a nominal temperature of 20OO0F. 

Both the primary 

A theoretical model of the phenomenon was developed and two 

experimental evaluations were carried out under sea-level 

conditions; the first utilizing 4 injection ports and the second 

6 ports. During the second test the flow of injected gas was 

modulated to determine the effects of varying the injected to 

primary flow ratio. 

The amount of nozzle pressure compensation and axial thrust 

augmentation was measured and compared to the theoretical 

predicted values. 
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FOREWORD 

p i s  report describes the results of work 

accomplished under Phase I1 of NASA Contract 

NAS 1-4102, entitled **Secondary Injection 

Thrust Vector Control for High Altitude 

Nozzles It. 

The contract was performed under the tech- 

nical cognizance of Mr. John Riebe, Langley 

Research Center. 

ii 



TABT.,E OF CONTENTS 

Page 

ABSTRACT i ............................................. 
FOFGUORD ............................................. ii 

LIST OF FIGURES ...................................... vi 

LIST GF TABLES ....................................... viii 

NOMENCLATURE ......................................... ix 

SUBSCRIPTS X ........................................... 
SECTION 1 . INTRODUCTION ............................. 1-1 

1.1 Program Plan ............................. 1-2 

SECTION 2 . TEST PROGRAM ............................. 2-1 

2.1 Subscale Rocket Motor and Injection System 2-1 

2.2 Instrumentation .......................... 2-5 

SECTION 3 - TEST RESULTS - TEST NO. 1 - FOUR INJECTION 
PORTS WITH CONSTANT INJECTED FLOW ........ 3-1 

3.1 Nozzle Dimensions ........................ 3-1 

3.1.1 Area Ratio Versus Axial Distance From 
Throat ................................... 3-1 

3.1.2 Static Pressure Measurements ............. 3-3 

3.1.3 Thrust Measurements ...................... 3-8 

3.2 Correlation with the Analytical Model 
for Supersonic Injection into Supersonic 
Mainstream ............................... 3-10 

iii 



TABLE OF CONTE3TS 
(Continued) 

Page 

3.2.1 Calculation of Exit Area Based on 
Adjusted Value of P3t and Pqt . . . . .. . . . . . . . 3-11 

3.2.2 Thrust Based on the Calculated Area . . . . . . . 3-12 
3.2.3 Ehraluation of the Theoretical Accommodation 

Height at the Injector .................... 3-14 

3.2.4 Estimated Mixing Losses Between Primary 
and Secondary Flows ....................... 3-15 

SECTION 4 - TEST RESULTS - TEST NO. 2 SIX INJECTION 
PORTS WITH MODULATED INJECTED FLOW ........ 4-1 

4.1 Test Results .............................. 4-1 

4.1.1 Static Pressure Measurements - Hot Test ... 4-1 
4.1.2 Thrust Measurements ....................... 4-9 

4.1.3 Specific Impulse .......................... 4-9 

4.1.4 Secondary Mass Flow Variation ............. 4-12 

4.2 Correlation w i t h  Analytical Model for  
Supersonic Injection into Supersonic 
Mainstream ................................. 4-18 

4.2.1 Calculation of Exit Area and Thrust Based on 
Adjusted Value of P3t and Pqt . . . . . . . . . . . . . . 4-19 
Estimated Mixing Losses Between Primary 
and Secondary Flows ........................ 4-19 

4.2.2 

4.2.3 Comparison of Hot and Cold Test Shock Apex . 4-24 
4.2.3.1 Cold Test ................................. 4-26 

4.2.3.2 Hot Test .................................. 4-26 



SECTION 5 . CONCLUSIONS AND RECOMMENDATIONS .......... 
APPENDIX A - ANALYTICAL MODEL - TEST NO. 1 - FOUR 

INJECTED PORTS WITH CONSTANT INjECTED 
F L O W  .................................... 

APPEMDIX 3 - ANALYTICAL MODEL - TEST NO. 2 - SIX 
INJECTION PORTS W I T H  MODULATED INJECTED 
FLOW .................................... 

REF-CES ........................................... 

Page 

5-1 

A- 1 

B-1  

R- 1 

V 



LIST OF FIGURES 

rage 

Figure 2.1 Installation of Motor and Injection 
System on Thrust Stand Test No . 1 ......... 2-2 

Figure 2.2 System Schematic .......................... 2-3 

F i w e  2.3 Photograph taken During Second Firing ..... 2-4 

Figure 3.2 Static Pressure Distribution within the 
Primary Nozzle ............................ 3-5 

Figure 3 .3  Peripheral Distribution of Static Pressures 
at Exit of Primary Nozzle ................. 3-6 

Figure 3.4 Comparison of Theoretical and Measured 
Static Pressures Before and After 
Secondary Injection ....................... 3-7 

Figure 3.5 Thrust Measurements ....................... 3-9 

Figure 3.6 Effect of Mixing Loss on Thrust ........... 3-17 
Figure 4.1 Static Tap Locations ...................... 4-2 

Figure 4.2 Comparison of Theoretical and Measured 
Static Pressure before and after Secondary 
Injection ................................. 4-5 

Figure 4.3 Peripheral Distribution of Static Pressures 
at Exit of Primary Nozzle ................. 4-6 

Figure 4.4 Mach Number and Pressure Distribution Before 
Secondary Injection ....................... 4-7 

Figure 4.5 Thrust Measurements ....................... 4-11 
Figure 4.6 Combined System Specific Impulse Variation 

with Secondary Mass Flow .................. 4-13 
Figure 4.7 Secondary System Specific Impulse Variation 

with Secondary Mass Flow .................. 4-14 

vi 



Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 4.13 

Figure  4.14 

Figure  l o a  

Figure 2.a 

Figure  3.a 

Figure 4.a 

Figure 1.b 

Figure  2.b 

LIST OF FIGURES 
(Continued) 

Secondary Mass Flow Variation with Time . 4-15 

Comparison of Theoretical and Measured 
S t a t i c  Pressures Before and After Secondary 
Injection ................................4-17 

Comparison of Hot T e s t  Calculated and 
Measured Values of Thrust and E x i t  Area . 4-21 

Estimated Loss - 100 Percent Secondary 
Injection ............................... 4-22 

Estimated Loss - 50 Percent Secondary 
Injection ............................... 4-23 

Estimated Loss - 100 Percent Secondary 
Injection . Cold T e s t  ................... 4-25 

Natural Separation Point Comparison 
with Injector Location .................. 4-29 

System Variables ........................ A-7 

Pressure R a t i o  of Turbulent Boundary Layer 
Separated by Conical Shock .............. A-9 

Resultant Area Ratio and Injector Placement 
Variation w i t h  Upstream Mach Number ..... A-14 

37.5:l Area Ratio Nozzle with Injector 
Placement (4 Injectors) ................. A-15 

Resultant Area Ratio and Injector 
Placement Variation with Upstream Mach 
Number .................................. €3-3 

37.5:l Area Ratio Nozzle with Injector 
Placement (6 Injectors) ................. B-4 

v i i  



Table 3.1 Pressure Tap Measurements ................ 3-4 

Table 3.2 Recorded Properties . 50 Seconds After 
Primary Ignition ......................... 3-10 

Table 3.3 Calculated Flow Performance of Four 
Injector Design .......................... 3-13 

Table 4.1 Pressure Tap Measurements ................ 4-4 

Table 4.2 Thrust Level Variation ................... 4-10 

Table 4.3 System Properties . 28-32 Seconds a f t e r  
Primary Ignition ......................... 4-18 

Table 4.4 Calculated Flow Performances of Six 
Injector Design ........................... 4-20 

Table 1.a System Parameters ......................... A-6 

Table 1.b System Paramters .......................... B-1  

v i i i  



Symbol 

a 

C 

CD 

D 

h 

L 

M 

P 

r 

'b 

T 

1 

X 

a 

r 
Y 

b 

6 

D e f i n i t i o n  

Area 

Loss F a c t o r s  

D i scha rge  C o e f f i c i e n t  

Biame ter 

Accomoda t ion Height  

D i s t a n c e  from Nozzle E x i t  

D i s t a n c e  from P o r t  t o  Shock 

Mach Number 

P r e s  sure 

Shock Pressu re  

Average Shock P r e s s u r e  

Average P res su re  i n  S e p a r a t e d  Region 

G a s  Cons tan t  

Radius  

Blend Radius  

Temperature 

Weight Flow 

Number of  I n j e c t o r s  

Half-Cone Ang le  

Thrus t  

S p e c i f i c  Heat R a t i o  

S e p a r a t i o n  Angle 

Shock Angle 

Un i t s  

sq. i n .  

i i i C h G 5  

i n c h e s  

i n c h e s  

i n c h e s  

p s i a  

p s i a  

p s i a  

p s i a  

ft ltri/l* OR 

i n c h e s  

i n c h e s  

O R  

l b / s e c  

d e g r e e s  

pounds 

deg rees  

d e g r e e s  

i x  



SUBSCRIPTS 

Svlnbol Definition 

4 

t 

X 

Ambient 

Nozzle Chamber 

Nozzle Exit 

Injection Nozzle 

Plane Containing Shock Apex 

Separation Region 

Total 

Main Flow Conditions at 
Roc ke t Exit 

Secondary Flow Conditions 
at Rocket Exit 

Nozzle Throat 



SECTIGu’ i 

INTRODUCTION 

C o n t r a c t s  NAS 1-2962 and NAS 1-4102 covered t h e  s t u d y  o f  

t h r u s t  v e c t o r  c o n t r o l  by t h e  i n j e c t i o n  of w a r m  gas (2OOOoF) 

i n t o  t h e  nozz le  e x t e n s i o n  cone o f  a h igh  energy  s o l i d  pro- 

p e l l a n t  (6200OF) r o c k e t  motor. In t h e  i n i t i a l  c o n t r a c t  

(NAS 1-2962) t es t s  were conducted under  s e a - l e v e l  c o n d i t i o n s  

u s i n g  an 8:l area r a t i o  nozz le  and i n  t h e  second c o n t r a c t  

(NAS 1-4102) t h e  same motor and i n j e c t i o n  sys t em were t e s t ed  

under  s imula t ed  a l t i t u d e  c o n d i t i o n s  us ing  a rocke t  motor 

n o z z l e  area r a t i o  of 37.5:1. 

During  t h i s  program i t  was decided t o  i n v e s t i g a t e  on a sub- 

s c a l e  motor t h e  e f f e c t s  of secondary i n j e c t i o n  of  h i g h e r  

mass f low r a t i o s  on t h e  a x i a l  t h r u s t  of  an a l t i t u d e  nozz le  

o p e r a t i n g  under s e a - l e v e l  c o n d i t i o n s .  I f  a s i g n i f i c a n t  

amount o f  a x i a l  t h r u s t  augmentat ion cou ld  be ach ieved  eco- 

nomica l ly  by compensating t h e  a l t i t u d e  n o z z l e  a t  sea l e v e l ,  

t h e n  t h i s  approach could  be used i n  d e s i g n i n g  a one s t a g e  t o  

o r b i t  b o o s t e r .  The amount of i n j e c t e d  gas  would be de- 

c r e a s e d  as t h e  v e h i c l e  ga ined  a l t i t u d e ,  so t h a t  t h e  nozz le  

would o p e r a t e  n e a r  i t s  optimum d e s i g n  p o i n t  a t  a l l  a l t i t u d e s .  

P a r t  of t h e  i n j e c t e d  gas  would a l s o  be used  f o r  t h r u s t  v e c t o r  

c o n t r o l  by d i f f e r e n t i a l  secondary i n j e c t i o n  i n  the des i red  

c o n t r o l  p lane .  
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The program p l a n  d e t a i l e d  below was des igned  t o  o b t a i n  pre-  

l i m i n a r y  d a t a  on t h e  f e a s i b i l i t y  of t h i s  concept .  

1.1 Program P l a n  

The program was conducted accord ing  t o  t h e  f o l l o w i n g  p lan :  

1. 

2. 

3. 

4. 

5 .  

6 .  

Prepa re  an  a n a l y t i c a l  model of t h e  phenomenon w i t h  

four p o r t  secondary  i n j e c t i o n .  

Conduct an exper imenta l  e v a l u a t i o n  i n  a sea l e v e l  

environment us ing  a s u b s c a l e  motor mounted i n  a 

t h r u s t  measuring s t and .  

Analyze t h e  t e s t  d a t a  from t h e  firing and compare 

t h e  r e s u l t s  t o  t h e  a n a l y t i c a l  model. 

Based on t h e  resu l t s  of t e s t  1 p r e p a r e  a n  a n a l y t -  

i c a l  model f o r  6 p o r t  i n j e c t i o n .  

Conduct an exper imenta l  e v a l u a t i o n  o f  6 p o r t  in- 

j e c t i o n  w i t h  modulated secondary  i n j e c t e d  flow. 

Compare t h e  t e s t  results w i t h  t h e  a n a l y t i c a l  model. 

1-2 



SECTION 2 

TEST PROGRAM 

The test  program consisted of two f i r ings  using a subscale 

rocket motor mounted on an axial thrust stand, 

The following subsections describe the motor and instrumentation 

used t o  carry out the experimental phase of the program. 

A sketch of the setup fo r  the f i r s t  test is shown i n  Figure  2.1. 

2.1 Subscale Rocket Motor and Infection Svstem 

The rocket motor consisted of a heavyweight gas generator, a 

37.5:l area r a t i o  nozzle and associated manifolding. The gas 

generator was loaded with a sol id  propellant grain which pro- 

duced 

sized to  obtain a chamber pressure of 1000 psia .  

0.58 lbs/sec of gas at 2000°F. The nozzle throat w a s  

The injection system consisted of a gas generator of the same 

capacity as the rocket motor. The gas from t h i s  generator w a s  

manifolded direct ly  into the nozzle e x i t  cone of the motor f o r  

the f i r s t  test, 

For the second test the gas w a s  ported through a proportional 

high temperature pneumatic control valve, which modulated the 

2-1 
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FIGURE 2.1 INSTALLATION OF MOTOR A N D  INJECTION SYSTEN 
ON THRUST STANDSTEST NO. 1 
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amount of i n j e c t e d  g a s  i n  response t o  a programmed i n p u t  

s i g n a l .  The d e s i g n  parameters  f o r  t h e  motor and i n j e c t i o n  

sys t em f o r  each  test  are given i n  S e c t i o n s  3 and 4. 

E i g h t  p r e s s u r e  t a p s  were machined i n t o  t h e  n o z z l e  e x i t  cone 

t o  r e c o r d  s t a t i c  p r e s s u r e  l e v e l s  d u r i n g  t h e  tests.  The 

l o c a t i o n  of t h e s e  f o r  each test  are d e t a i l e d  i n  S e c t i o n s  

3 and 4. The complete sys tem i s  shown i n  F igu re  2.2. 

F i g u r e  2.3 i s  a photograph of t h e  se t -up  t aken  d u r i n g  t h e  

second t e s t  f i r i n g .  

2.2 I n s t r u m e n t a t i o n  

The f o l l o w i n g  pa rame te r s  were r eco rded  d u r i n g  t h e  two t e s t  

f i r i n g s .  

1. 

2 .  

3. 

4. 

5 .  

6 .  

7.  

8. 

Axia l  t h r u s t .  

Motor chamber p re s su re .  

I n j e c t i o n  n o z z l e  chamber p r e s s u r e .  (Th i s  

was measured i n  the annu lus  t h a t  s u p p l i e d  

t h e  m u l t i p l e  i n j e c t i o n  p o r t s ) .  

G a s  t empera tu re  - motor chamber. 

G a s  t empera tu re  - i n j e c t i o n  annulus .  

E i g h t  (8) s t a t i c  pressures i n  t h e  motor 

nozz le  exhaus t  cone. 

Gas g e n e r a t o r  p r e s s u r e  - motor.  

Gas g e n e r a t o r  p r e s s u r e  - i n j e c t i o n  system. 
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In a d d i t i o n ,  f o r  t h e  second t e s t  i n  which t h e  i n j e c t e d  f low 

was modulated by a c o n t r o l  va lve ,  t h e  v a l v e  i n p u t  s i g n a l  and 

v a l v e  p o s i t i o n  were a l s o  recorded. A slow double  ramp i n p u t  

s i g n a l  was f e d  i n t o  t h e  c o n t r o l  v a l v e  t o  modulate t h e  i n j e c t e d  

f low from f u l l  t o  z e r o  and back t o  f u l l  over  a p e r i o d  of ap- 

prCiXiiGlit€%ly 15 SeCGrid5. 
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SECTION 3 

TEST RESULTS 

3.1 Nozzle Dimensions 

The dimensions of the 37.5:l altitude nozzle, position of the 

injection nozzles and the location of the static pressure taps 

are shown in Figure 3.1. 

3.1.1 Area Ratio Versus Axial Distance From Throat 

Based on the blend radius (.300 inches) at the throat of the 

primary nozzle, the horizontal distance from the throat (x) 

corresponding to a particular area ratio is determined from 

the following equation: 

x = .5607 [E- 11 + 0.040 
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3.1.2 Static Pressure Measurements 

The nominal horizontal locations of the pressure taps from the 

throat are: 

#8 - 1.129 in. 

07 - 1.441 in. 

#5 & #6 - 1.753 in. 

#1 thru #4 - 2.822 in. 

Pressures were recorded at these taps throughout the firing. 

Table 3.1, Figures 3.2 and 3.3 contain samples of these pres- 

sure measurements. 

theoretical pressure distribution, corrected for horizontal 

position at a recorded primary chamber pressure of 925 psia 

(10 seconds). 

seen that the theoretical and actual pressure distributions 

agree very closely until separation occurs within the nozzle. 

They were checked for correlation with the 

Figure 3.4 is the plot of this data. It can be 

Separation apparently occurred near 4 psia, which was the lowest 

recorded pressure within the nozzle. This agrees very well with 

an assumed theoretical pressure at which separation could take 

place -0.283 P,b = 4.04 psia. 
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TABLE 3.1 

PRESSURE TAP MEASUREMENTS 

Time #l # 2  #3 #4 #5 #6 #7 #a 
0)  (sed (PSIG) (PSIG) (PSIG) (PSIG) - (PSIG) (PSIG) (PSIG) (PSIG) 

k 
0 

:?i 
.r) a,8 
d 
H 

0 

5 

10 

1 2  

15 

20 

25 

30 

35 

40 

45 

50 

55 

57.5 

60 

65  

68.5 

0 

-0.6 

-0 ,7 

+2.6 

+2.6 

+5.4 

+3.9 

+3.6 

4-4.4 

+4.6 

+5,2 

+5.2 

+4.a 

-1 -7 

-2.1 

-1 .a 

0 

0 

-0 07 

-0 -6 

+1.7 

+1,7 

+2.1 

M.2 

a . 2  

M.6 

+2.9 

+3.2 

+3 .O 

+ l o 1  

- 4 - 5  

-4.0 

-2.4 

0 

0 

-0 -7 

-0 *7 

+1.6 

+1.6 

+1.6 

+2.2 

+2.2 

+3.6 

+2 00 

+2 s o  

+2 s o  

+1.7 

-4.0 

-3.2 

-2.0 

0 

0 

-0 -6 

-0.6 

+2.a 

+3.2 

+5 .O 

i 4 .2  

+4.2 

+4.5 

+4.9 

+5.6 

+4.9 

+4,a 

-0.8 

-1 00 

-1.4 

0 

0 

-10.4 

-10.4 

+16.8 

+20 . 8 

+23.0 

+24 8 

+24. a 

+22.a 

+22 . a 

+23 .O 

+25 .O 

+26 -4 

41.8 

+30. a 

+17 .O 

0 

0 

-13.2 

-10.4 

+16.4 

+20.0 

+23.6 

+25 . 2 

+25.4 

+22.4 

+22.a 

+23.6 

+25. a 

+26.4 

i-41.0 

+30.2 

+17 00 

0 

0 

-a .o 

-7.2 

+16,4 

+20 00 

+22.4 

+23.4 

+24.6 

+22,0 

+23.0 

+24.6 

+26.4 

+2a .o 

+37.2 

+40.4 

+23.2 

0 

0 

-4.0 

-4.0 

-3.8 

-0.8 

+15.6 

+24.0 

+24 4 

+20.8 

+20 00 

+21 .a 

+24.0 

+25.2 

+36 ,O 

+43.6 

+26.4 

0 

Barometric Pressure 29.16 in. Hg 
14.32 p s i  
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After the secondary generator w a s  ignited, the pressure within 

the primary nozzle upstream of t he  injectors increased from 

10-3 ps ia  (10 sec.} to approximately 38.3 p s i a  (50 see,) a t  

the location of t a p  #8, closest  to  the throat. The trend with 

+ a ,  Llllle of +he press-me meas-uremnt a t  tap #8 indicated that the 

steady state shock apex w a s  si tuated very close to the t a p ' s  

location, The separation pressure, P,, based on the calculated 

Mach number, i s  39.0, which compares very favorably with the 

measured pressure, These values are also plotted i n  Figure 3.4. 

The pressure a t  the exit taps  (1-4) was increased t o  a m e a s u r e -  

ment between 1-5 p s i  above ambient pressure (Figure 3.3). The 

pressure between the injectors w a s  s l igh t ly  lower than that i n  

l i n e  with the injectors. 

w a s  improved with the use of 6 injectors (Section 4). 

This eircumferent a1 distribution 

3.1-3 Thrust Measurements 

The maximum primary thrust was 92.5 pounds and the maximum combined 

thrust  w a s  139 pounds, which w a s  a 50 percent increase i n  the 

thrust due to secondary injection. 

variation with time are plotted on Figure 3-5. 

The thrust  measurements 
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t 

3.2 Correlation with the Analytical Model for  Supersonic 
Injection into Supersonic Mainstream 

Table 3.2 is a summary of the propellant properties recorded at 

t = 50 seconds. 

Weight Flow (lb/&ec), v 0.565 0.565 

1005 935 

Nozzle Total Pres& Mter Shock, Pt3 850 

Separation PreSsum = Seeandary Tota l  
Pressure (psiad, P, = Pt4 

Exit Pressme (psia), Pg 16.8 

Exit Pressure (psia), P4 19.3 

2370 Nozzle Chamber Tearperatwe ( R) T, 

Ratio of Specific Heats, y 1.279 

0 

. .Gas Constant ft l b / l b  % 80.3 

38.3 

2240 

1.279 

80.3 
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3.2.1 C a l c u l a t i o n  of  Exit Area Based on A d j u s t e d  Value of  

P3t and p4 t 

The shock apex l o c a t i o n  was determined a t  p r e s s u r e  t a p  a8 i n  

S e c t i o n  3.1.2. Tap *8 i s  a nominal 1.129 i n c h e s  from t h e  

t h r o a t  which is 1.066 i n c h e s  h o r i z o n t a l l y  ups t ream of the  

i n j e c t o r  l o c a t i o n .  

(see F igure  3.4). Based on d a t a  o b t a i n e d  from t h e  f i r i n g  i t  h a s  

T h i s  p o s i t i o n  cor responds  t o  a Mo = 3.39 

a l r e a d y  been s t a t e d  i n  S e c t i o n  3.1.2 t h a t  t h e  a c t u a l  and the-  

o r e t i c a l  s e p a r a t i o n  p r e s s u r e s  a g r e e  v e r y  f a v o r a b l y ,  38.3 t o  

39.1 p s i a .  T h e r e f o r e ,  i t  was f e l t  t h a t  t h e  s e p a r a t i o n  a n g l e ,  6, 

p r e s e n t e d  i n  Mager's pape r s  (References  2 and 4) were a l s o  

a c c u r a t e .  The s e p a r a t i o n  ang le ,  a, corresponding  t o  Mo = 

3.39 is 2 0 . 4 O .  

The t o t a l  p r e s s u r e  loss  ac ross  t h e  shock can be approximated 

a s  15 pe rcen t  f rom Reference  5 f o r  t h e  s e p a r a t i o n  ang le  and 

Mach number v a l u e s  o b t a i n e d .  T h e r e f o r e ,  t h e  t o t a l  p r e s s u r e  

of  t h e  pr imary s t r e a m  a f t e r  t h e  shock  is now 850 p s i a  r a t h e r  

t h a n  1005 p s i a  a t  50 seconds.  

In t h e  a n a l y s i s  and d e s i g n  of t h e  n o z z l e ,  i t  w a s  assumed t h a t  

l i t t l e  o r  none of t h e  dynamic head o f  t h e  secondary  i n j e c t a n t  

w i l l  be recovered  so t h a t  the  t o t a l  p r e s s u r e  of  t h e  secondary  

stream a t  t h e  nozz le  e x i t  was e q u a l  t o  t h e  ups t ream s e p a r a t i o n  

p r e s s u r e .  Thus, t h e  v a l u e  of P was t aken  t o  be 38.3 p s i a .  
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The e x i t  p r e s s u r e  measured a t  t a p s  1 t h r u  4 i n d i c a t e s  19.3 

p s i a  i n  l i n e  w i t h  t h e  i n j e c t o r s ,  and 16.8 p s i a  between them. 

The 16.8 psia ex i t  p r e s s u r e  was t a k e n  as P3 and 19.3 p s i a  as 

p4 

The area a t  t h e  ex i t  tap is  A 3  -t A4 . A summary of t h e s e  

c a l c u l a t e d  v a l u e s  i s  conta ined  i n  Table  3.3. The g e o m e t r i c a l  
t o t a l  

area a v a i l a b l e  a t  t h e  l o c a t i o n  of  t h e  ex i t  p r e s s u r e  t a p s  i s  

2.459 in2. 

o r  t h e  c a l c u l a t e d  a r e a  is 12 p e r c e n t  s m a l l e r  t h a n  t h e  a c t u a l  

area.  

From Table  3.3 the  a r e a  c a l c u l a t e d  was 2.165 in2 ,  

3.2.2 T h r u s t  Based on t h e  C a l c u l a t e d  Area 

Assuming no mixing,  t h e  t h r u s t  based on t h e  c a l c u l a t e d  a r e a s  

was de te rmined  by t h e  b a s i c  t h r u s t  e q u a t i o n s  r e a r r a n g e d  i n  

terms of  t h e  e x i t  c o n d i t i o n s :  

0.983 i s  t h e  d i v e r g e n c e  c o e f f i c i e n t ,  A, a f u n c t i o n  of  t h e  

d i v e r g e n c e  h a l f  a n g l e ,  1 5 O ,  of t h e  nozz le .  

The t h r u s t  c o n t r i b u t i o n  from the  pr imary  f low was c a l c u l a t e d  

t o  be 99.4 pounds and from the secondary  f low 54 .9  pounds f o r  

a t o t a l  a x i a l  t h r u s t  of 154.3 pounds,  which i s  approx ima te ly  

11 p e r c e n t  h i g h e r  t h a n  t h e  measured v a l u e .  
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TABLE 3.3 

CALCULAm FLOU PERFORMANCE OF FOUR INJECTION DESIGN 

t3 
P 

p3 

M3 

A3 

pt4 

p4 

M4 

A4total 
-A +A Ae 3 &total 

x 
L, (calculated) 

L, (act.) 

h (calculated) 

850 p s i  

16.8 ps ia  

3.115 
2 

0.480 in  

38.3 ps ia  

19.3 psia 

1 . 068 

1.685 in2 

0.48W1.685 = 2.165 in2 

99.4 l b s .  

54.9 l b s .  

99.4+54.9 = 154.3 lbs .  

139 lbs .  

0.983 

1.542 inches 

LO66 inches 

0.518 inches 

h (corr.) = 0.72h (calculated) 0.373 inches 
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3.2.3 Eva lua t ion  of t h e  T h e o r e t i c a l  Accomodation H e i q h t  a t  
the I n j e c t o r  

D i v i d i n g  A4 

c o n t r i b u t i o n  of one i n j e c t o r  t o  t h e  a r e a  of t h e  pr imary nozz le .  

by t h e  number of i n j e c t o r s  (4) de te rmines  t h e  
t o t a l  

The f low was assumed t o  t ake  a hemi -cy l ind r i ca l  shape and the  

accomodation h e i g h t ,  h ,  can be so lved  from geometry: 

h =  [2A4t0ta1] = .518 inches  

The c a l c u l a t e d  d i s t a n c e  from t h e  apex of the  shock t o  the c e n t e r  

of t h e  i n j e c t i o n  p o r t  (pe rpend icu la r  i n j e c t i o n )  depends on t h e  

s e p a r a t i o n  ang le  and t h e  accomodation h e i g h t :  

4y = h (@st b + tan a) = 1.524 inches  

6 = 20.4O 

a = 1 5 O  

h = 0.518 inches  

T h i s  d i s t a n c e  p a r a l l e l  w i t h  the pr imary  nozz le  c e n t e r l i n e  is: 

& cos a = 1.472 inches  

It was r e p o r t e d  at t h e  beginning of t h i s  paragraph  t h a t  t h e  

d i s t a n c e  from t h e  i n j e c t o r  p o r t  t o  t he  shock apex was 1.066 

inches .  The re fo re ,  t h e  a c t u a l  t o  t h e o r e t i c a l  r a t i o  is 72 

p e r c e n t .  Based on t h e  reasonable  assumption t h a t  s i n c e  the  

a c t u a l  and t h e o r e t i c a l  s e p a r a t i o n  p r e s s u r e s  a g r e e ,  t h e  separa-  

t i o n  angle  a l s o  a g r e e s ;  t he  accomodation he igh t  a t  t he  i n j e c t i o n  
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port  can be corrected t o  0.7% (calculated) for  future pre- 

l i m i n a r y  designs. 

exit t a p  remains i ts  theoretical  value. 

However, the accomodation height a t  the 

3.2.4 Estimated Mixing Losses Between Primary & Secondary Flows 

B e a - u s e  the shock location was riot the same as k i d  been assumed 

i n  the design, the pressures behind the shock w e r e  a lso lower 

than had been assumed and therefore, the area r a t i o  of the  

injector w a s  mismatched to  the  existing exit condition; i.e., 

the flow in the injector w a s  under-expanded when it exited into 

the primary nozzle. 

w a s  80 psia, whereas the separation pressure was measured as 

38.3 psia. It is  f e l t  that  t h i s  mismatch may have led t o  

excessive mixing losses and contributed t o  the lower than 

The design exit pressure of the injector 

predicted thrust level. 

A calculated thrust level and area r a t i o  w e r e  determined from 

experimental values of s t a t i c  pressure measured during the test 

fir ing.  

C3 = 1.00 and C4 = 1-00 lines i n  Figure 3.6. 

of area and thrust  fo r  C3 varying from 0.10 t o  1.00 and C4 

varying from 1.00 to 1.4 are also plotted i n  Figure 3.6. 

These values are plotted as the intersection point of 

A family of curves 
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The iztersertlnn p t n t  of the actmil area end the measured 

thrust occurs for C3 - Q .20 and C4 - Q 1.07;  that is the correlation 

of the calculated and actual values of thrust and area occurs 

with a primary nozzle total pressure loss of approximately 80% 

and a secondary strerun total pressure increase of 7%. 

Although this loss appears to  be substantial the decrease in 

thrust is only 11%. 
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SECTION 4 

4 .1  Tes t  R e s u l t s  

Af te r  t h e  d e s i g n  m o d i f i c a t i o n s  had been completed,  i t  was 

d e c i d e d  t o  vary t h e  mass flow and hence t h e  chamber p r e s s u r e  

of  t h e  secondary  i n j e c t o r s  du r ing  t h e  f i r i n g .  T h i s  and t h e  

f o l l o w i n g  s e c t i o n s  p r e s e n t  t h e  a n a l y s i s  of  t h e  d a t a  from t h e  

subsca le  f i r i n g  of t h e  37.5:l a r e a  r a t i o  nozz le  compensated 

by s i x  secondary  i n j e c t o r s  va ry ing  i n  o p e r a t i o n  from 10 t o  

100 p e r c e n t  o f  t h e  chamber p r e s s u r e  and mass f low o f  t h e  main 

nozz le .  

The measured a x i a l  t h r u s t  was i n c r e a s e d  60 p e r c e n t  due t o  t h e  

secondary  i n j e c t i o n  and t h e  e x i t  p r e s s u r e  was i n c r e a s e d  t o  

n e a r l y  ambient p r e s s u r e  a t  100 p e r c e n t  secondary  i n j e c t i o n .  
ji 

F u r t h e r  e l a b o r a t i o n  on t h e  r e s u l t s  of  t h e  t e s t  a r e  con ta ined  

i n  t h e  f o l l o w i n g  s e c t i o n s .  

The dimensions of  t h e  3 7 . 5 : l  a l t i t u d e  n o z z l e ,  p o s i t i o n  of t h e  

i n j e c t i o n  n o z z l e s  and t h e  l o c a t i o n  of  t h e  s t a t i c  p r e s s u r e  t a p s  

are  shown i n  F igu re  4.1. 

4.1.1 S t a t i c  P r e s s u r e  Measurements - Hot T e s t  

The nominal h o r i z o n t a l  l o c a t i o n s  of t h e  p r e s s u r e  t a p s  from t h e  

t h r o a t  were: 
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#8 - 0.505 in. 

#7 - 0.817 in. 

#6 - 1.129 in. 

#5 - 1.441 in. 

#4 - 2.539 in. 

#l - if3 - 2.822 in. 

Table 4.1, Figures 4.2 and 4.3, contain samples of these pres- 

sure measurements. They were checked for correlation with the 

recorded primary chamber pressure of 955 ps ia  (10 sec.) prior 

to  the ignit ion of the secondary injection system. 

is  the plot  of t h i s  data. 

Figure 4.4 

It can be seen that the theoretical  

and actual pressure distribution agree very closely. 

W i t h  the secondary generator ignited, the pressure within the 

primary nozzle upstream of the injectors increased from the 

range of 7-20 p s i a  t o  approximately the range of 47-36 psia. 

The trend with time of the pressure indicated that t a p  #8 w a s  

unaffected and that t a p  #7 pressure w a s  slowly raised to i ts  

value of 36 p s i a  a t  28.3 seconds. 

due to  the possibi l i ty  of the formation of a lambda shock 

It is  f e l t  that t h i s  was 

structure influencing the pressure reading upstream of the 

i n i t i a l  shock apex. 
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FIGURE 4.2 COMPARISON OF THEURFTICAL AND MEASURED 
STATIC PRESSURE BEFORE AND AFTEX SECONDARY INJECTION 

Hot Test y = 1.279 
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FIGURE 4.4 
DISTRIBUTION BEFORE SECONDARY INJECTION 
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The theoretical  injectant pressure w a s  57.0 p s i  a t  100 per- 

cent secondary flow. 

i n  Figure 4.2, t h i s  pressure w a s  higher than the pressure 

recorded a t  the pressure t a p s .  It is possible that the in- 

jec tors  w e r e  located too far upstream because the pressures 

recorded i n  cold tests prior t o  the hot f i r i n g  do not exhibit  

t h i s  tendency. 

sections. 

reducing the injectant pressure and mass flow did not dis- 

turb this trend. Unfortunately, when the injectant pressure 

w a s  increased two of the pressure taps (#5 and #7) w e r e  lost 

and did not record. Therefore, no trends could be noted on 

t h i s  swing from low to  high injectant pressure. 

a t  the exit t aps  (P1 and P3) w e r e  compensated to nearly ambient 

pressures a t  100 percent secondary injection. 

pressure recorded was 10 psia a t  35 percent secondary injection. 

A t  lower injection rates a p r e s s u r e  rise was recorded a t  the  

exit indicating a beginning of separation of the secondary 

injection flow within the nozzle. 

As can be seen by the pressure plotted 

Additional comments w i l l  be made i n  l a t e r  

Once t h i s  pressure distribution w a s  established, 

The pressure 

The lowest exit 

The circumferential pressure distribution w a s  improved with the 

use of s ix  injectors (Figure 4.3.) The exit plane t aps  recorded 
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approximately ~e same pressure down t o  46 percent seconciary 

inject ion a t  which point t a p  (#2) located between the injectors 

indicated a higher value than t a p s  (#1 and Y3) i n  l i n e  with 

injection ports, This increase can be at t r ibuted t o  loss of 

compensation between the injectors, 

4,1.2 Thrust Measurements 

In the measurement of thrust there w a s  a one second time delay 

f i l t e r  i n  the recording of the thrust  trace, The output delay 

w a s  approximated and corrections applied to  the thrust m e a s u r e -  

ments. 

time are presented i n  Table  4,2 and Figure 4,5, The primary 

thrust level recorded was 82 pounds and the maximum combined 

thrust w a s  138 pounds. 

The resul t ing thrust measurements corresponding to  

4.1.3 Specific Impulse (Isp) 

The augmented thrust measurements w e r e  used to  calculate the 

specific impulse of both the combined primary and secondary 

system and the secondary system by i t s e l f ,  

For the combined system the Isp w a s  determined by dividing the 

t o t a l  augmented thrust by the sum of the primary flow and the 

injected secondary flow. A plot of t h i s  Isp fo r  varying amounts 
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w/wo 

Primary 

Nozzle 

100% 

100% 

100% 

100% 

100% 

90% 

80% 
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50% 

40% 
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20% 

13% 

10% 

T i m e  
(Sed 

0 

5 

18 

15 

20 

25 

28 

28-3 

28-68 

29-10 

29 . 53 
29.97 

30-38 

30.82 

31 25 

31.67 

32 -00 

33 -00 

TABLE 4.2 

THRUST LEVEX VARIATION 

P Primary P Inj. 
PSIG PSIG 

0 0 

890 0 

940 

980 

990 

995 

1000 

325 

a60 

910 

940 

940 

1000 9 20 

1000 8 20 

1000 

1000 

735 

640 

100 5 540 

100 5 460 

1010 

1010 

1015 

' 1015 

1015 

360 

265 

i ao  
110 

a5 

T h r u s t  
Lb . 
0 

77 

82 

131 

137 

138 

138 

138 

128 

123 

112 

103 

98 

93 

91 

90 

90 

90 
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of injected flow is shown in Figure 4.6. 

reasonably flat for injected flow values between 40% and 

100%. 

maximum of 150 secs. at zero injected flow. 

The curve is 

At injected flows below 40% the Isp increases to its 

Yne ISP of the secondary system was caiclliated by divtdfng 

the thrust augmentation (i-e, the total augmented thrust minus 

the thrust due to the primary flow) by the amount of injected 

mass flow. There appears to be 

very little thrust hysteresis between increasing and decreasing 

secondary flow. The discrepancies occurring at low flow values 

are attributed to the relative magnitude of instrumentation errors 

with respect to absolute flow levels. 

This is plotted in Figure 4.7. 

4.1.4 Secondary Mass Flow Variation 

The secondary mass flow variation with time can be found from 

the secondary pressure and temperature measurements applied in 

the following equation for gas flow through a choked orifice. 

/ kg e420 A*P+ 

The resultant curve is shown in Figure 4.8. 
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4.1.5 Static Pressure Measurements - Cold Test 

The same nozzle configuration was used in the cold test. 

Pressures were recorded at these taps throughout the test. 

Figure 4.9 contains a sample of these pressures. 

Tke riitrogen system is not capable of ‘nandiing the flow of 

both the primary and secondary systems at 1000 psi. 

fore, the primary nozzle was run alone at 1000 psia. 

pressure d a t a  is presented in Figure 4.9 and checked favor- 

ably with the theoretical pressure distribution. 

There- 

Its 

The combined mass flow necessitated a drop in the upstream 

pressure to approximately 700 psia. The theoretical pres- 

sure distribution is also plotted in Figure 4 .9 .  Tap P8 is 

unaffected by the secondary injection and its pressure cor- 

relates with theory. 

The theoretical injectant pressure was 37 psia at the 100 

percent secondary flow. 

the pressure measurements of the taps located upstream of the 

injectors and the separation pressure, Ps, based on the cal- 

culated Mach number. 

This pressure agrees favorably w i t h  

This value is also plotted on Figure 4 .9 .  
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FIGURE 4.9 COMPARISON OF THEORETICAL AM) MEXSURED 
STATIC PRESSURES BEFORE AM) AFTER SECONDARY INJECTION 
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The pressure at the exit taps ( j#l  and #3j was compensated to 

approximately 10 pia. The circumferential distribution was 

also excellent. 

injected flow using N2. 

No analysis was made of other percentages of 

The analytical model for the 37.5:l area ratio subscale nozzle 

is presented in Appendices A and B. 

Table 4.3 is a summary of values recorded throughout the valve 

cycling time, 

As can be seen, these values are very close to the assumed values 

for the six injector design. 

Table 4.3 
System Properties 28-32 Seconds After Primary Ignition 

Primary Injection 
Nozzle system 

Weight Flow (lb/sec) , w 
Nozzle Chamber Pressure (psia) ,  P, 

Chamber Temperature (OR), Tc 

ft.lb. 
lbmoR Gas Constant, , R  

Ratio of Specific Heats, y 

4-18 

,583 .058- 580 

1015-1030 100-955 

2370 1915-2080 

80.3 80.3 

1.279 1.279 



4.2.1 Calculation of Exit Area and Thrust Based on Adjusted 
Value of Pgt and P4t 

The total pressure loss across the shock was approximated as 

15 percent for the primary nozzle, Because the separation 

pressure and resultant shock location could not be readily 

determined for the test, the injector exit pressure was used 

as the P4t pressure value, 

outlined in Appendices A and 3, the results are shown in Table 

Following the calculation procedure 

4.4. A plot was also made showing the comparison between the 

hot test calculated and measured values of thrust and exit 

area, see Figure 4.10, 

4.2-2 

An attempt was made to approximate what mixing losses would achieve 

perfect correlation of the values of the actual and theoretical 

areas and thrust, The assumed values for primary and secondary 

total pressure at the exit were multiplied by constants C3 and C4, 

respectively. 

could not be obtained (see Figure 4.11). 

secondary injection agreement could not be obtained between the 

theoretical and measured values for both thrust and area. Figure 

4.12 is the result of this calculation. 

Estimated M i x i n g  Losses Between Primary and Secondary Flows 

For the 100 percent secondary injection agreement 

For the 50 percent 
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a, --1 -l 
ALL= LUAU test cktu was aiso analyzed for mixing losses 

(Figure 4*13.) 

primary and secondary pressures resulted i n  a correlation of 

A loss of approximately 30 percent on both the 

the theoretical  and actual values of thrust and area. 

4.2.3 

Dividing 44 t o t a l  by the number of injectors ( 6 )  determines the 

Cmparison of H o t  m d  Cold Test Sh~ck kipex 

contribution of one injector t o  the area of the primary nozzle. 

The flow is assumed to  take a hemi-cylindrical shape and the 

accomodation height, h, can be solved from geometry: 

t 
h -  

The data obtained from the cold test  indicated that  the actual 

and theoretical  separation pressures and injection pressure 

agree very favorably. Therefore, it w a s  f e l t  that the separa- 

t i on  angle, b ,  presented i n  Mager's paper w a s  a lso accurate. 

The separation angle, b ,  corresponding to  &, = 3.37 is 20.4O. 

The calculated distance from the apex of the shock to the 

center of the injection port (perpendicular injection) depends 

on the separation angle and the accomodation height: 

L, = h (cot 6 + tan a )  
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4.2.3.1 Cold T e s t  

+? r2  (1.499) i 
1 = 0*399 in* 

h =  I 
L 67.r 

L, = .399 c2.6889 + -267951 

= 1.180 in. 

and applying the modification suggested i n  Section 3.2.3. 

= -72 &-$cot 8 + tan a) 1 c I 
Lx 

= ,849 in. 

This would agree very favorably with the assumed separation 

pressure posit ion of 0.90 in. 

pressure of 700 psia i n  the primary and secondary pressures. 

Of course, this is  a t  a primary 

Assuming the primary and secondary pressures had been able t o  

a t t a i n  1000 ps ia ,  the exit pressure of the  secondary injector  

would have been 57 psia  and the shock apex located a t  1.12 in,  

from the throat. 

4.2.3.2 Hot T e s t  

The corresponding calculation f o r  the hot test fo r  100 percent 
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assuming the separation would have occurred a t  57 p s i a  is: 

L, = -39 l2.6605 + .26795I 

= 1.140 in. 

o r  applying the modification: 

L, = .72 h (cot 6 + t an  a )  

= 0.821 in. 

Since this calculation recognizes no other contribution than 

and cot  b and the cot 6 does not vary a great deal 

for i t s  range of possibi l i t ies ,  the possibi l i ty  exists that 

t o t a l  

the inject ion port w a s  placed too f a r  upstream. This conclu- 

s ion is based on the f a c t  t h a t  the cold test demonstrated 

agreement with the shock apex location. 

Another interest ing facet  is that f o r  the f i r s t  test and the 

present configuration cold test the injection port was  located 

downstream of the  natural separation point (4 psia minimum as 

recorded i n  the previous tes t ) .  However, for  the second hot 

4- 27 



test the injection port w a s  located upstream of this separa- 

tion point and this could be contributing to some of the 

discrepancy in  the pressures upstream of the injectors. 

This is demonstrated in F i g u r e  4.14. The separation pressure 

(PSI for the aforc3lnerltioIled tes ts  was yery Ilearly 14.7 pia. 
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SECTION 5 

CONCLUSIONS AND RECOMME3DATIONS 

The experimental phase of this program has shown that a thrust 

augmentation of at least 60% of the axial thrust can be achieved 

by the injection of a mass flow, equal to the primary flow, into 

the nozzle expansion cone, 

increased by optimizing the location and number of the injection 

ports. 

This level of augmentation can be 

In addition a further increase could be obtained by 

injecting the gas in a downstream direction instead of perpendicular 

to the nozzle longitudinal axis. 

From an efficiency point of view it seems that the optimum injected 

to primary flow ratio is about 40%. This flow ratio would also 

ensure consistent pressure compensation around the periphery of 

the nozzle exit plane. 

The actual flow ratio required for a particular application would 

have to be determined by a study of the overall system since the 

level of thrust augmentation at 40% flow ratio may not satisfy 

the system requirements, 
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The analysis of the static pressure readings recorded during 

the second hot test shows that the injectors w e r e  not ideally 

located, For the  f i r s t  hot test and the cold test of the 6 

injector configuration the injection ports w e r e  located down- 

stream of the natural separation plane as determined by the 

nozzle pressure readings, However, f o r  the second hot test 

the injection ports could have been upstream of t h i s  separa- 

t i o n  plane which could be contributing to  some of the dis- 

crepancy i n  the pressures upstream of the injectors, 

literature survey of the work carried out i n  t h i s  area in- 

dicated that a considerable amount of Schlieren analysis has 

been done on the injection of a gas into a supersonic stream, 

airnough none coverea rne conaicions c-mr exisreci during either 

of these tests. 

A 

Although it was possible t o  account f o r  the difference between 

theoretical  and experimental values fo r  test No. 1 by assum- 

ing a cer tain percentage of mixing losses i n  the nozzle, t h i s  

assumption was  not val idated by the second test. 

The following recommendations are made for  further study i n  

t h i s  area. 
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1. Additional test firings to optimize the injector 

location and evaluate the performance of down- 

stream injection. 

2. Develop a more elaborate theoretical model using 

a s a l  empirical approach based on iiiore detailed 

knowledge of the mixing between the two streams 

and the total pressures at the nozzle exit plane. 

3. Evaluate the stability of the axial flow with 

secondary injection. 

by visual observation methods of the exhaust gases. 

This could be accomplished 

4. Carry out a system study of a one stage to orbit 

vehicle, based on the parameters developed in this \ 
program and those recommended above. This would 

determine feasibility of this concept as opposed 

to multistage configurations. 

_-  - 
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APPENDIX A 

ANALYTICAL MODEL 

TEST NO. 1 - FOUR INJECTION PORTS WITH 
CONSTANT XXJECTED FU)W 

D e s c r i p t i o n  of t h e  Mathematical  Model 

Because t h e r e  i s  no complete unde r s t and ing  of  t h e  b a s i c  mech- 

anisms of shock-boundary l a y e r  i n t e r a c t i o n s ?  p a r t i c u l a r l y  

when t h e  boundary l a y e r  i s  t u r b u l e n t ,  t h e  c o n s t r u c t i o n  of 

a n  a n a l y t i c a l  model f o r  supe r son ic  i n j e c t i o n  i n t o  a super -  

s o n i c  mainstream p r e s e n t s  a very  d i f f i c u l t  problem. The 

model shown i n  F i g u r e  1.a p rov ides  a t  l e a s t  a q u a l i t a t i v e  

d e s c r i p t i o n  of t h e  i n t e r a c t i o n s  involved .  

F i g u r e  1.a r e p r e s e n t s  a s e c t i o n  of t h e  w a l l  o f  a s u p e r s o n i c  

(expanding)  n o z z l e  i n  t h e  neighborhood of an i n j e c t i o n  p o r t .  

F a r  upstream from t h e  p o i n t  of i n j e c t i o n ,  t h e  mainstream ex- 

pands w i t h  d e c r e a s i n g  p r e s s u r e  a s  i t  f lows  a long  t h e  o u t e r  

edge of t h e  boundary l a y e r .  There i s  no s e p a r a t i o n  of t h e  

boundary l a y e r  and t h e  mainstream i s  g e n e r a l l y  shock free. 

A t  o r  n e a r  t h e  p o i n t  of i n j e c t i o n ,  however, t h e  boundary 

l a y e r  i s  d e f l e c t e d  upward through an  a n g l e  6 ,  producing  a 

l o c a l  change i n  mainstream d i r e c t i o n  w i t h  an accompanying 

shock p a t t e r n  t h a t  c r e a t e s  a l o c a l  adve r se  p r e s s u r e  g r a d i e n t .  

With i n j e c t i o n  t h e  concept  of boundary l a y e r  s e p a r a t i o n  becomes 



ambiguous s i n c e  most of t h e  c r i t e r i a  f o r  s e p a r a t i o n  a r e  

s a t i s f i e d  l o c a l l y  w i t h  even a s m a l l  i n j e c t i o n  f low ( f o r  

example,  t h e  l i m i t i n g  s t r e a m l i n e  of t h e  main f low i s  de- 

t a c h e d  from t h e  channel  w a l l ) .  I n  o r d e r  t o  r e l a t e  t h e  model 

t o  more c o m e n t i o n a l  examples of s e p a r a t e d  flows, t h e  i n j e c t a n t  
9 

* is assqed.to mter in dufficient c;??erntity to produce sepztratian * -  

as conventionally as by a change in vall direction. 

Under these c o n d i t i o n s  t h e  boundary l a y e r  d e f l e c t i o n  ( s e p a r a t i o n )  

a n g l e ,  6 ,  is re la ted  t o  t h e  u p s t r e a m M a c h  number, Mor by rela- 

t i o n s  d e r i v e d  by Mager i n  Reference 4. 

t h e  shock ang le  and p r e s s u r e  r a t i o  a c r o s s  t h e  shock are  deter-  

With v a l u e s  of  Mo and B 

mined by i n v i s c i d  f low r e l a t i o n s  ove r  a cone ( t h e  l o c a l l y  

s e p a r a t e d  boundary l a y e r  is assumed t o  have a c o n i c a l  shape) .  

To complete t h e  model p i c t u r e ,  t h e  i n j e c t e d  f low i s  assumed t o  

e n t e r  w i t h  t h e  same s t a t i c  p r e s s u r e ,  P as t h e  p r e s s u r e  i n  

t h e  s e p a r a t e d  r e g i o n ,  5,  and t o  be immediately tu rned  t o  f low 

p a r a l l e l  t o  t h e  n o z z l e  w a l l  wi thout  mixing. The l o c a t i o n  of 

j 1  

t h e  shock apex is determined from t h e  assumed geometry. 

S o l u t i o n s  Based on E s t i m a t i o n  of T o t a l  P r e s s u r e  i n  t h e  S t reams 
a t  t h e  Nozzle Exi t  

I t  i s  t h e  a u t h o r ' s  o p i n i o n  t h a t  t h e  i n t e g r a t i o n  of p r e s s u r e  

f o r c e s  t o  o b t a i n  momentum ba lances  f o r  t h e  mainstream and 

secondary  f lows  w i l l  no t  produce s i g n i f i c a n t  r e su l t s  w i t h  t h e  

i n f o r m a t i o n  p r e s e n t l y  a v a i l a b l e .  Fur thermore ,  i t  would be v e r y  

d i f f i c u l t  t o  o b t a i n  measurements from which e m p i r i c a l  ad jus tmen t s  
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cou ld  be made t o  t h e  a n a l y s i s .  

On t h e  o t h e r  hand, t h e r e  is some b a s i s  upon which the  t o t a l  

p r e s s u r e  i n  t h e  f lows  a t  t he  nozz le  e x i t  can be e s t i m a t e d .  

Also  m a s u r e m e n t s  could  be obta ined  much more r e a d i l y  ( i .e.  

t o t a l  pressure surveys a t  t he  nozzle exi t )  w i t h  which these 

e s t i m a t e s  could  be e v a l u a t e d  and c o r r e c t e d .  

T o t a l  P r e s s u r e  of t h e  Mainstream a t  t h e  E x i t  

I f  mixing between t h e  two s t reams i s  n e g l e c t e d  ( a s  was done 

i n  t h e  a n a l y s e s  of References  1 and 2) then the  l o s s e s  in t h e  

a c c e l e r a t i n g  flow downstream from the  induced shock should  be 

q u i t e  n e g l i g i b l e .  Thus, the  t o t a l  p r e s s u r e  of t h e  mainstream 

a t  t h e  nozz le  d i s c h a r g e  should r e f l e c t  on ly  t h e  l o s s e s  OCCUP- 

r i n g  a c r o s s  t h e  c o n i c a l  shocks induced by t h e  secondary  in- 

j e c t i o n .  T h i s  l o s s  can r e a d i l y  be e s t i m a t e d  from c o n i c a l  

shock t a b l e s  and t h e  va lue  of Mo a t  t h e  shock apex. 

Es t ima ted  T o t a l  P r e s s u r e  i n  the Secondary Flow a t  t he  E x i t  

A f t e r  t h e  secondary  f low has e n t e r e d  t h e  nozz le  i t  i s  assumed 

t o  be  tu rned  t o  f low p a r a l l e l  t o  t h e  nozz le  w a l l s .  I n  a c t u a l  

p r a c t i c e  this f low a l s o  should be a c c e l e r a t i n g  and i t  i s  

t h e r e f o r e  assumed t h a t  most of t h e  l o s s  occur s  i n  t h e  t u r n i n g  

and w i l l  amount t o  t h e  dynamic head co r re spond ing  t o  t h e  

v e l o c i t y  component normal t o  t h e  nozz le  wa l l .  Thus, i n  t he  

p r e s e n t  case  l i t t l e  o r  none of the  dynamic head of t h e  sec-  

ondary i n j e c t a n t  w i l l  be recovered and, 
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S ,” P. = P 
p4 t 3 

i.e., the downstream total pressure should be approximately equal 

to the static pressure in the secondary jets. 

Us0 of Exit Total Pressure to Calculate the Nozzle Flow Conditions 

The flow i n  a nozzle with secondary injection can be determined, 

if in addition to the given mass flows and upstream stagnation 

state of the primary and secondary flows, four additional con- 

ditions are satisfied by the solutions. Two of these conditions 

are that continuity of mass flow must be maintained in each of 

the gas streams. In the past, investigators have chosen t o  

utilize force-momentum balances for each stream to supply the 

additional two conditions required. For this study, however, 

the downstream total pressure has been used instead and enters 

into the calculations in the following way. 

In the present case, it is intended to supply compensation to 

an altitude nozzle which will be sufficient to limit the exhaust 

static pressure, Pes on the discharge plane to some prescribed 

value. In other words, 

- 
’e P3 = P4 - (given) 

With Pt estimated and P 3  given, the Mach number of the nain- 

stream at  exit is readily determined from, 
3 



which can be i n s e r t e d  i n t o  t h e  c o n t i n u i t y  e q u a t i o n  t o  de t e rmine  

Likewise,  t h e  Mach number of t h e  secondary f low is  g iven  by, 

Y-1 - 

The a p p l i c a t i o n  of t h e s e  4' which w i t h  c o n t i n u i t y  de t e rmines  A 

e q u a t i o n s  is demonst ra ted  in t h e  nex t  paragraph ,  

I t  shou ld  be n o t e d  t h a t  n e i t h e r  t h e  model sugges t ed  o r  t h e  

o t h e r  a v a i l a b l e  models have taken i n t o  account  t h e  e f f ec t  of 

t h e  i n j e c t a n t  momentum on boundary l a y e r  d e f l e c t i o n .  Thus, 

t h e y  do no t  r e f l e c t  t h e  i n f l u e n c e  of  t h e  chamber p r e s s u r e  of 

t h e  i n j e c t o r  n o z z l e s  w h i c h  should c o n t r i b u t e  s i g n i f i c a n t l y  

t o  t h e  performance of t h e  compensated n o z z l e ,  

Des ign  Procedure 

Tab le  l o a  p r e s e n t s  t h e  i n i t i a l  d e s i g n  pa rame te r s  f o r  t h e  pr imary  

n o z z l e  and secondary i n j e c t i o n  system. 

Four I n j e c t o r  Design 

The v a r i a b l e s  invo lved  i n  t h e  c a l c u l a t i o n  are p r e s e n t e d  i n  

F i g u r e  1 . a .  
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Primary Inject ion 
Nozzle System 

Weight Flow (lb/sec), w 0.615 0.615 

Nozzle Chambe r Pres sure 
(psia), Pc loo0 lo00 

Chamber Temperature (*F),T, 1810 1810 

YR ft lb 
lb nl OR Gas Constant 84 84 

Ratio of Specific Heats, y 1.3 1.3 

Nozzle Half Cone Angle 
(degrees),a 15 15 

0.070925 Design 2 Throat Area (in A* 
Consideration 

TABLE 1.a SYSTEM PARAMETERS 

The geometrical relationship between Lx and h for  injection 

perpendicular to the centerline of  the primary nozzle is given 

by: 

The basic computing steps are given as follows: 

1) 

2) 

assume a value of Mo 

calculate A. and Po from the following equations: 

V + l  
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FIGUBE 1 . a  SYSTm VARIABLES 
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F i g u r e  2.a i s  t h e  average of F i g u r e s  16 and 

17  of Reference  2, which were de termined  f o r  

s p e c i f i c  heat r a t i o s  of  1.2 and 1.4, r e s p e c t i v e l y .  

Based on Reference 5, t h e  t o t a l  p r e s s u r e  l o s s  a c r o s s  t h e  shock can  

be approximated as 5% f o r  the  range of c o n i c a l  s e p a r a t i o n  ang le  

found in S t e p  3. T h e r e f o r e ,  t h e  t o t a l  p r e s s u r e  of  t h e  pr imary 

stream af te r  t h e  shock was assumed t o  be 950 p s i a  r a t h e r  t han  lo00 

p s i a .  

r a t i o n  p r e s s u r e  Ps, e q u a l  t o  P 

a r y  flow, 

ambient p r e s s u r e  m u s t  be main ta ined  a t  t he  nozzle e x i t  t o  p reven t  

s e p a r a t i o n  i n s i d e  t h e  nozz le .  T h e r e f o r e ,  t h e  d e s i r e d  e x i t  p r e s s u r e  

was t a k e n  as 8.0 p s i a  f o r  both t h e  pr imary  and secondary  f lows.  

The assumed loss i n  t h e  secondary  f low results i n  t h e  sepa-  

t h e  t o t a l  p r e s s u r e  of t h e  second- 
t4 * 

Exper ience  has  shown t h a t  a p r e s s u r e  of a t  l e a s t  50% of 

4)  Calculate  M31 t h e  Mach number a t  t h e  e x i t  of  

t h e  pr imary  flow from: 

5 )  C a l c u l a t e  A3 from the  c o n t i n u i t y  c o n d i t i o n  which g i v e s ,  
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p3M3 p- (1 + y-l 2 l  A 3  = 

2 3  
0 

(See F i g u r e  4 . a )  

6 )  S e t  Ps = P, = P j  = P 

4 7) C a l c u l a t e  M 

Y- 1 

% = {  ;[(ai; -I}= 
8) C a l c u l a t e  A4 ( Independent  of  number of i n j e c t o r s )  

t o t a l  

w: t o t a l  
- J - 

(1 + y-l M4 ) 
A4 

2 

= A 3 + A  
ex i t  %tal 

9 )  A 

10) Divide  A4 t o t a l  by the  X number of  i n j e c t o r s  d e s i r e d  

t o  de t e rmine  t h e  c o n t r i b u t i o n  of one i n j e c t o r  t o  t h e  

a r e a  of t h e  primary nozz le .  

11) The f low i s  assumed t o  t a k e  a h e m i - c y l i n d r i c a l  shape 

and the  accomodation h e i g h t  h can be so lved  from 

geometry , 

A 4 t o t a l  
h = [  x ,  1% 
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12) Determine t h e  t o t a l  l e n g t h  of  t h e  n o z z l e ,  

De - D* 

13) Determine t h e  l e n g t h  from t h e  ex i t  t o  t h e  l o c a t i o n  

of the shock apex,  

14) The d i s t a n c e  from the apex  of t h e  shock t o  t h e  c e n t e r  

of t h e  i n j e c t i o n  p o r t  ( p e r p e n d i c u l a r  i n j e c t i o n )  de- 

pends on t he  s e p a r a t i o n  a n g l e  and t h e  accomodation 

h e i g h t :  

= h ( c o t  b + t a n  a) 

15) The d i s t a n c e  from t h e  ex i t  t o  t h e  l o c a t i o n  of t h e  

i n j e c t i o n  p o r t  L can be determined from t h e  g e o m e t r i c a l  

re l a  t i o n s h i p ,  
j 

L. = L - L COS a J S x 

16) The re la t ive  placement of t h e  i n j e c t o r  w i t h i n  t h e  n o z z l e  

can be de termined  from, 

L 1 x 100% = percentage  of t o t a l  l e n g t h  for 
l o c a t i o n  o f  i n j e c t o r  L t  

A - 1 1  



17)  The a r e a  r a t i o  of the pr imary nozz le  can be determined 

from, 

A' A" 

A curve can t h e n  be p l o t t e d  of t h e  area rat ic  and the re la t ive  

placement of t h e  i n j e c t o r  a g a i n s t  Mo. For t h e  range of v a l u e s  

of Mo = 2.6 - 3.2 w i t h  4 i n j e c t o r s  and t h e  c o n d i t i o n s  g iven  i n  

Tab le  l o a ,  t h e  r e s u l t i n g  curves a r e  p r e s e n t e d  i n  F igu re  3.a .  

A p o s i t i o n  L j / L t  = 0.25 was s p e c i f i e d  as a d e s i g n  c o n d i t i o n  and 

t h e  cor responding  a r e a  r a t i o  and Mo were de te rmined  t o  be 37 .5 : l  

and 2.95,  r e s p e c t i v e l y .  v a r i a t i o n  w i t h  Mo was a l s o  p l o t t e d  
A 4 t o t a l  

on t h i s  curve  and t h e  value of A4 corresponding  t o  Mo = 2.95 
t o t a l  

i s  1.825 sq, i n .  

The t h r o a t  a r e a  of t h e  i n j e c t o r  n o z z l e s  can be found from, 

(one i n j e c t o r )  A* = wj 

t h e  choked f low e q u a t i o n .  For t h e  fou r  i n j e c t o r  d e s i g n  t h e  t h r o a t  

a r e a  of each secondary  i n j e c t o r  i s  0.01773 sq. i n .  

The dimensions of t h e  37.5:l a l t i t u d e  n o z z l e  and t h e  r e l a t i v e  

p o s i t i o n  of  t h e  i n j e c t i o n  n o z z l e s  appear  i n  F i g u r e  4.a. The 

e x i t  c o n d i t i o n s  of t h e  i n j e c t i o n  n o z z l e s  a r e  de te rmined  a s t  

A-12 



- Mj - 

A .  = 
J 

P =  I 

2-28  

0.04151 

82.4 

sq. in. 

p s i a  
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FIGURE 3.a RESULTANT AlzEA RATIO AND INJECTOR PLACDIENT 
VARIATION UITH UPSTREApll MACH NUMBER 
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APPENJIIX B 

ANALYTICAL MODEL 

TEST NO. 2 - 6 INJECTION PORTS WITH MODULATED INJECTED FWW 

The c a l c u l a t i o n  procedure  used t o  determine  t h e  shock l o c a t i o n  

w i t h i n  t h e  nozz le  was the same a s  t h a t  p r e s e n t e d  i n - k p p e n a x  

A with the added modification presented at the end of 

S e c t i o n  3.2.3, f o r  t h e  a c t u a l  t o  t h e o r e t i c a l  r a t i o  o f  t h e  

shock l o c a t i o n .  Table  1 . b  presents  t h e  d e s i g n  pa rame te r s  f o r  

t h e  pr imary  n o z z l e  and secondary i n j e c t i o n  s y s t e m  based on t h e  

r e s u l t s  of t h e  test  f i r i n g .  

TABLE l o b  SYSTEM PARAMETERS 

Primary I n j e c t  i o n  
Nozzle Sys t e m  

Weight Flow ( l b / s e c ) ,  w 0.565 0.565 

Nozzle Chamber P r e s s u r e  ( p s i a ) ,  Pc 1005 930-1000 

Chamber Temperature (OR), Tc 2370 2240 

Gas C o n s t a n t ,  lbomOR 1 R  80.3 80.3 f t . l b .  

R a t i o  of  S p e c i f i c  H e a t s , y  1 .279 1.219 

Nozzle Half Cone Angle (deg rees ) ,  a 15 15 

Throa t  Area ( i n 2 ) ,  A* 0.070925 .0656 ( T o t a l )  

Curves of a r e a  r a t i o  and r e l a t i v e  placement of t h e  i n j e c t o r s  

f o r  a range of Mo = 2.6-3.2 w i t h  6 i n j e c t o r s  a r e  p r e s e n t e d  i n  

F i g u r e  1.b.  
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The d e s i g n  p o s i t i o n  f o r  t h e  i n j e c t o r s  was t a k e n  a s  L. /Lt  = 0.395 

w i t h  cor responding  v a l u e s  of Ae/A* = 37 .5 : l ;  Mo = 3.12 and 
3 

2 = 1.850 i n  . 
* ~ t o t a l  

A l s o  p l o t t e d  on t h i s  f i g u r e  is a revised v a l u e  of Lj/Lt f o r  

four i n j e c t o r s  for h = .72 he. j 

The dimensions of t h e  37.5:l a l t i t u d e  nozz le  and t h e  r e l a t i v e  

p o s i t i o n  of t h e  i n j e c t i o n  nozz le s  appea r  i n  F i g u r e  2.b. The 

e x i t  c o n d i t i o n s  of t h e  i n j e c t i o n  n o z z l e s  a r e  determined as 

nominal ly :  

M = 2.455 
j 

A = 0.031731 sq. in. 
j 

P = 59.2 p s i a  
j 
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